Ovarian granulosa cell tumors (OGCT) are the most frequent kind of sex cord-stromal tumors, and represent B2-5% of all ovarian malignancies. OGCTs exist as two entities, juvenile and adult types, with specific clinical and pathological characteristics. The molecular pathogenesis of these tumors has just begun to be unraveled. Indeed, recent studies have indicated that mutation and/ or misregulation of the key ovarian transcription factor FOXL2 has a role in OGCT formation, although the mechanisms remain unclear. To better understand the molecular characteristics of OGCT, we studied the transcriptomic profiles of ten human adult-type OGCT samples, as well as ethnically matched granulosa cell (GC) controls. We find that the OGCT samples analyzed herein exhibit several hallmarks of cancer, including increased expression of genes linked to cell proliferation, but decreased expression of those conferring sensitivity to cell death. Moreover, genes differentially expressed in OGCTs are significantly enriched for known FOXL2 target genes, consistently with the prevalence of FOXL2 somatic mutation in these tumors. Expression of these targets is altered in a way expected to promote malignant transformation, for instance, through induction of genes associated with faster cell cycling and downregulation of genes associated with cell death. Over time, such defects may be responsible at least partly for the malignant transformation of healthy GCs into OGCT. These insights into the molecular pathogenesis of OGCTs may open the way to new efforts in the development of more targeted therapeutic strategies for OGCT patients.
INTRODUCTION
Ovarian granulosa cell tumors (OGCT) are the most frequent sex cord-stromal tumors, and represent B2-5% of ovarian cancers. 1 There are two distinct types of OGCTs, the juvenile and adult forms, which display different clinical and histopathological features. 2 OGCTs are usually low-grade malignancies, but the patients have a high risk of recurrent disease occurring up to 40 years after primary tumor resection. 1, 3 Reliable clinical and molecular prognostic markers remain to be discovered, because the molecular pathogenesis of OGCT remains unclear. Indeed, common cancer aggressivity markers (such as status of P53 or cMYC) have no prognostic value for this disease. 1, 4 Recent studies have revealed that a somatic FOXL2 mutation leading to the p.Cys134Trp substitution is a feature shared by over 95% of adult-type OGCTs, which has been suggested to constitute an early event in their pathogenesis. [5] [6] [7] [8] [9] FOXL2 encodes a transcription factor of the Forkhead superfamily, and its germline mutations are responsible for a human genetic disease, the Blepharophimosis Ptosis Epicanthus-inversus Syndrome.
10 FOXL2 is expressed in the somatic granulosa cells (GCs) of the ovary during development and throughout female fertile life, and has a key role in maintaining ovarian identity. 11, 12 In GCs, FOXL2 has been linked to the regulation of several key cellular processes, such as apoptosis, oxidative stress response and cell proliferation. [13] [14] [15] [16] Investigations of the molecular effects of the p.Cys134Trp FOXL2 mutation have given molecular clues on its impact in OGCT pathogenesis. Indeed, transactivation activity measured by luciferase assays has suggested that the mutation could disturb a functional interaction between FOXL2 with its partner SMAD3. 5 Recently, Kim and collaborators 17 have shown that the p.Cys134Trp mutant version is severely deficient in its ability to induce apoptosis of OGCT-derived cells. Moreover, our recent results suggest that the p.Cys134Trp mutant induces a promoterspecific mild loss-of-function, notably on the promoters of target genes involved in the regulation of cell cycle progression and DNA-damage repair. 15 All this has led us to hypothesize that FOXL2 acts as a tumor suppressor. 18 In contrast, one study has suggested that the mutation may also be responsible for a promoter-specific gain-of-function, notably on the ovarian promoter of the CYP19A1 aromatase, the key enzyme responsible for estrogen synthesis. 19 However, an in-depth understanding of the in vivo effects of the p.Cys134Trp mutation has yet to be achieved, to promote the development of potential targeted therapies. Here, we have performed a detailed study of OGCT's molecular characteristics, through a transcriptomic analysis of 10 OGCT samples, in comparison with healthy GC controls. We propose that the p.Cys134Trp mutated FOXL2 version contributes to reduced sensitivity to apoptosis and increased proliferation of GCs, which would allow their malignant transformation process.
RESULTS AND DISCUSSION
OGCT exhibit classical cancer-associated transcriptomic alterations To unravel transcriptomic characteristics of OGCTs, we obtained ten adult-type OGCT tumor samples, as well as two ethnically matched primary GC samples derived from an IVF program, as control for transcriptomic profiling. These tumors exhibit a broad spectrum of clinical and histopathological parameters, for example, oncological staging (FIGO nomenclature), mitotic index and subtypes (Table 1 ). The genomic sequence status of FOXL2 in these tumors has previously been published. 6 They also all carry the c.402C4G/p.Cys14Trp FOXL2 mutation at the RNA level, as seen on the cDNA sequence most frequently in a heterozygous state. However, in two cases, only the c.402C4G substitution, and not the wild-type (WT) sequence, was detected (Table 1) .
Tumor cDNA samples were hybridized on high-density RocheNimblegen expression microarrays (two independent reverse transcriptions, pre-processing and hybridizations per RNA sample), and the signal was processed so as to obtain expression values per gene, after applying the ComBat algorithm to correct for batch effects. 20 Replicates for the H20 and H30 samples in the first batch did not pass Nimblegen Quality Control checks, and have been excluded from the analysis. Because of the constraints of IVF programs, human control GC samples have been exposed to FSH stimulation before collection, which might alter gene expression patterns. Alterations of FSH signaling might play a role in GCT pathogenesis, notably because pre-ovulatory growth of GCs is induced by this hormone. However, to avoid false positive hits in our analysis, we decided to remove FSH-reponsive genes. Thus, we took advantage of a published dataset assessing the effects of FSH treatment on mouse primary GCs (GSE20466; N ¼ 3 independent replicates). 21 Differentially regulated genes at false discovery rate of 5% were assessed using the R implementation of the SAM algorithm, 22 and a list of the human orthologs was obtained using the BioMart bioinformatics portal. These genes were designated as 'FSH-responsive' and removed from further investigation in our samples to limit the bias introduced by the treatment of primary GCs. There are 16 031 non-FSH-responsive genes represented on the Nimblegen microarray design (genelevel expression normalized file available as Supplementary Table 1 ; the raw data has been deposited to Array Express repository under accession number E-MTAB-483).
To assess the transcriptomic similarities among OGCTs and control GC samples, we used the Pvclust algorithm, 23 an unsupervised clustering approach that uses a multiscale bootstrap resampling strategy to assess uncertainty in hierarchical cluster analysis ( Figure 1a ). As expected, we observed that healthy GC samples clustered together apart from OGCT samples with very good bootstrap values, and that replicate hybridizations of OGCT samples clustered mostly in pairs. Interestingly, the H28 tumor clustered away from other OGCT samples, though none of its histopathological characteristics obviously set it apart from the other samples.
To better understand the transcriptomic alterations of OGCTs, we attempted to cluster non-FSH-responsive genes into three groups depending on their expressional behavior in normal GC compared with OGCTs. Namely, the expected possible expressional behaviors of genes in OGCTs compared with GCs can be (i) consistent downregulation in GCs with respect to OGCTs, (ii) consistent upregulation or (iii) no substantial/consistent changes across studied samples. To sort the genes, we chose a K-means clustering approach, setting the number K of expected clusters to 3. The K-means clustering method allows to iteratively group genes into a set of K clusters, by attributing each gene to the cluster with the closest mean value in an unsupervised manner. Thus, by setting K to 3, and if our hypothesis is correct, we can thus expect to recover the three predicted behaviors above. The output of the clustering was analyzed using Java TreeView, 24 and the clusters displaying differences in behavior between control GCs and tumor samples were selected for further analysis. As expected, the algorithm grouped the genes into three homogeneous clusters corresponding to the above-mentioned cases ( Figure 1a) .
We identified 5821 genes with a tendency to be downregulated in OGCT samples compared with control GCs (class i) and 5651 genes with a tendency to be upregulated in the tumor samples (class ii). Functional annotation of the differentially expressed genes using the DAVID annotation portal 25, 26 revealed classical cancer characteristics (Figures 1b and c) . Indeed, genes upregulated in the tumor samples were significantly associated with gene ontology (GO) terms linked to cell proliferation. On the other hand, genes with a tendency to be downregulated in OGCT samples were significantly associated with GO terms linked to cell cycle arrest and cell death. In general, increased proliferation capacities and decreased sensitivity to cell death are necessary for successful malignant transformation and are recognized as 'hallmarks' of cancer cells. 27, 28 Additionally, the misregulation patterns that we observe here are most likely not due to the exclusion of FSH-responsive genes from the analysis, as very similar clustering patterns and enrichments for functional annotations of differentially regulated genes can be observed using the full gene set (Supplementary Figure 1) .
Assessing the role of FOXL2 target genes misregulation in OGCT transcriptomic alterations As mentioned above, the somatic p.Cys134Trp FOXL2 mutation is carried by over 95% of adult-type OGCTs, at least at the heterozygous level, [5] [6] [7] [8] [9] which strongly indicates that the mutation itself is an early and necessary step during GC malignant transformation.
To assess the potential role of FOXL2 mutation/misregulation in OGCT pathogenesis, we assessed the proportion of FOXL2 targets in genes that were differentially expressed or whose expression was not altered in OGCTs. A recent highthroughput chromatin immunoprecipitation (ChIP-on-Chip) Table 1 , 'Tr1' and 'Tr2' correspond respectively to the first and second hybridization experiments. Bottom panel: K-means clustering visualized using Java Treeview, with samples ordered following pvclust results. The three expected clusters of differential behavior between tumor samples and healthy cells were identified. The normalized gene expression file, used for clustering, is provided as Supplementary Table 1. (b) and (c) represent enriched GO terms for up-or downregulate gene clusters, using -log(P-value) as assessed by the DAVID functional annotation software to plot their significance. 25, 26 Vertical gray lines indicate the 0.05 P-value significance threshold after the Bonferroni correction for multiple testing by DAVID. experiment, involving immunoprecipitated material from adulttype OGCT-derived KGN cells and from a KGN clone stably overexpressing WT FOXL2 identified FOXL2 targets at a genomic scale. 15 Interestingly, we find that genes differentially expressed in our human adult OGCT samples are more likely to carry significant FOXL2 ChIP-on-chip peaks in their promoter regions (Figure 2a ), which clearly suggests that genes differentially expressed in OGCTs are enriched for FOXL2 direct target genes. This is both consistent and compatible with the overwhelming frequency of FOXL2 somatic mutation in OGCT cases, and suggests that FOXL2 mutation itself may be responsible for transcriptomic alterations leading to OGCT formation.
Juvenile OGCTs are not associated with FOXL2 mutations, but a reduction of FOXL2 expression at the protein level has been detected in the most aggressive tumors. 29 We did not have access to human juvenile OGCT samples, but a mouse model for juvenile OGCT has been reported, carrying the triple Smad1/5/8 genes invalidation, and transcriptomic changes in resulting tumors versus Figure 2 . FOXL2 target genes misregulation in human adult OGCT samples. (a) Enrichment for FOXL2 binding at the promoters of genes differentially expressed in OGCT versus GC samples. The hypergeometric distribution (Fisher's exact test) was used to compute the significance of the enrichment. (b) Graphical output of K-means clustering analysis of the expressional behavior of FOXL2 direct targets performed using Cluster3.0 (K ¼ 3, 500 tries, distance measure: Spearman rank correlation). Samples are in the same order as in Figure 1a . (c) and (d) Relevant GO terms enrichments in up-and down-regulated clusters, using -log(P-value) as assessed by the DAVID functional annotation software to plot their significance. 25, 26 Vertical gray lines indicate the 0.05 P-value significance threshold after the Bonferroni correction for multiple testing by DAVID. (e) Ratio of all probes (that is, probe fluorescence values in OGCT over healthy GC for 11 FOXL2 direct target genes that are insensitive to FSH. This shows the percentage of expression of the targets in OGCT as compared with the corresponding healthy tissue. Blue bars stand for genes known to be directly inhibited by FOXL2, and yellow bars for genes known to be directly activated by FOXL2. Error bars: s.d. Statistical significance in repeated one sample Student's t-tests for each gene (that is, comparison with respect to unchanged behavior, ratio ¼ 1), after application of the Bonferroni correction for multiple testing on the 11 genes, **Po0.01 and ***Po0.001. NS, not significant.
control GCs have been previously assessed by microarrays. 30 Interestingly, Foxl2 transcripts are significantly downregulated in these mouse juvenile OGCT samples (Figure 3) , which is consistent with previous observations of a downregulation of FOXL2 in human juvenile OGCT cases. 29 Using our previous Foxl2 ChIP-on-Chip data from WT mouse ovaries, 15 we conducted a similar analysis for potential enrichment in Foxl2 targets among differentially expressed genes in mouse juvenile OGCT samples. Again, genes differentially expressed in the tumors were significantly enriched for Foxl2 binding at their promoter regions (Figure 3) .
Altogether, these results suggest that alterations in FOXL2 activity may have a central role in OGCT pathogenesis, whether through its mutation in adult-type or through its downregulation in juvenile-type OGCTs.
Misregulation of FOXL2 direct target genes in adult-type OGCT is likely to favor cell cycle progression and apoptosis inhibition To focus on the effects of the p.Cys134Trp FOXL2 mutation, we chose to study in more details the alterations in expression profile of FOXL2 direct target genes in OGCT. For improved accuracy, we used the list of potential FOXL2 direct targets recently compiled from genome-wide data, both the above-mentioned ChIP-onChip 15 and our previous transcriptomic study on human OGCTderived KGN cells transiently overexpressing WT-FOXL2. 13 The intersection of these datasets involves 1820 high-confidence target genes, whose names are listed in the Supplementary Table 1 of a previous study, 15 and 1475 of which are part of our FSH non-responsive set. Next, we extracted from our OGCT microarray results data concerning genes directly regulated by FOXL2 to further study their behavior and understand the effect of the FOXL2 mutation on their expression.
To study the alterations of the expression patterns of FOXL2 target genes, we classified the direct targets into three groups depending of their behavior in control GCs compared with OGCTs, similarly to the global analysis, and clustered them using a K-means clustering approach with K ¼ 3 (Figure 2b ). The clusters containing differentially expressed FOXL2 target genes involved 960 genes, 377 of which displayed a tendency to downregulation 3 from a) . The hypergeometric distribution (Fisher's exact test) was used to compute the significance of the enrichment. and 583 to upregulation in OGCT samples (Gene annotations corresponding to the differentially expressed genes can be found in Supplementary Table 2 , with accompanying significance metrics).
Then, we performed a functional annotation with the DAVID Software, using the gene lists from the two pathology-relevant clusters (that is, containing up-or down-regulated FOXL2 target genes). FOXL2 direct targets that tend to be upregulated in OGCTs are significantly enriched for association with GO terms linked to cell proliferation (Figure 2c ). This is consistent with the global pattern of gene misregulation that we observed for all genes (Figure 1b) . Interestingly, we recently showed that FOXL2, through its action as a transcription factor, interferes with cell proliferation and inhibits progression through the cell cycle at the G1/S checkpoint through regulation of key cell cycle regulators. 15 Moreover, previous studies have indicated that the p.Cys134Trp mutant would be rather hypomorphic on this category of genes (notably GADD45A, and indirectly on CDKN2A). Our analysis herein indicates that FOXL2 ability to regulate key genes linked to cell cycle regulation is indeed disturbed in OGCTs.
Interestingly, FOXL2 targets that tend to be downregulated in OGCTs, are significantly enriched for association with GO terms linked to apoptosis and cell cycle arrest (Figure 2d ), which is once again consistent with the global gene misregulation pattern (Figure 1c ). This is also consistent with the recent discovery of the reduced ability of the p.Cys134Trp FOXL2 mutant protein with regard to its ability to induce apoptosis of OGCT-derived cells. 17 Indeed, our transcriptome data support the authors' hypothesis, linking a deficiency of the mutant protein in its ability to promote apoptosis to the malignant transformation process of GCs.
Molecular contribution of the p.Cys134Trp FOXL2 somatic mutation to OGCT-associated transcriptomic alterations To further explore whether the p.Cys134Trp FOXL2 mutation is indeed a loss-or a gain-of-function mutation, we assessed the degree of misregulation of FOXL2 target genes by comparing the mean fluorescence values of gene probes in the control GC samples versus those measured in the OGCT samples.
For a first-pass analysis, we ranked all FOXL2 target genes according to the absolute amplitude of their differentially expression in OGCT samples compared with healthy GCs (from the most differentially expressed to the least differentially expressed). This list enabled us to use the GOrilla algorithm (http://cbl-gorilla.cs.technion.ac.il). 31 This algorithm outputs GO terms that are significantly enriched at the top of a ranked list and discovers a relevant threshold to be determined by the dataset (that is, which is the lowest element in the list allowing significant enrichment for the term). Interestingly, among GO terms enriched at the top of the FOXL2 differentially expressed targets, GOrilla uncovered cellular response to stress (GO:0033554;
) with a 3.15-fold enrichment in the top 89 differentially expressed genes, and negative regulation of cell proliferation (GO:0008285; 5.84 Â 10 À 4 ) with a 3.75-fold enrichment in the top 90 differentially expressed genes. This suggests the existence a misregulation of FOXL2 targets involved in GC homeostasis.
To gain further insights into this altered regulation, we then focused on a subset of FOXL2 direct target genes that had been confirmed by multiple lines of evidence (that is, genome-scale studies, RT-qPCR, ChIP-qPCR and/or luciferase assays) and that have been linked to some extent to cancer progression or cell stress response. [13] [14] [15] 32 Of these, 11 genes are not responsive to FSH, and 10 of these genes were significantly differentially expressed in OGCT samples as compared with GC samples (P-valueso0.05 in repeated one sample t-tests after the Bonferroni correction for multiple testing; Figure 2e ). Interestingly, nine out of those ten behave in a manner that is compatible with a FOXL2 hypomorphy, that is, genes normally activated by FOXL2 are found significantly downregulated in OGCT samples (Figure 2e) .
To better understand whether such misregulations could be linked to a loss of transactivation of the p.Cys134Trp FOXL2 mutant, we performed reporter assays using previously characterized FOXL2-responsive promoters from the differentially expressed gene list. We thus performed luciferase assays using the following available reporters: pSODluc-3340 for the MnSOD promoter and GADD45A-luc for the GADD45A promoter. 5, 15 We had previously observed that the WT and p.Cys134Trp mutant FOXL2 behaved similarly on these promoters in KGN cells, which are heterozygous for p.Cys134Trp mutation and whose transcriptome and proteome are likely to have adapted in response to the mutation. 5, 15 Here, however, we were able to detect the adult OGCT-associated mutant FOXL2 was slightly hypomorphyic (B20% loss of transactivation) on the two reporters in both COV434 cells (OGCT-derived) and HeLa cells (cervical cancer-derived cells), which both have only WT FOXL2 alleles and low to null endogenous expression levels 5, 15 ( Figure 4 ). Although the loss of activity is partial, such a defect on similar key stress response, apoptosis and cell cycle target genes over a long period of time might be responsible at least partly for the malignant transformation of healthy GCs into OGCT.
GENERAL DISCUSSION
The recent discovery of p.Cys134Trp FOXL2 mutation as being characteristic of adult OGCTs has opened new avenues for understanding the biology of this peculiar ovarian cancer. 9 The presence of a single missense FOXL2 somatic mutation in over 95% of adult OGCTs 9 suggests that it might be somehow driving and/or facilitating the malignant transformation of GCs. Before the discovery of the recurrent p.Cys134Trp FOXL2 mutation by an Figure 4 . Reduced transactivation abilities of the p.Cys134Trp FOXL2 mutant on targets strongly differentially expressed in OGCT samples. Luciferase assays using pSODluc-3340 37 and GADD45A-luc 38 in (a) COV434 cells and (b) HeLa were performed as described previously. 15 Relative Luciferase Units were calculated as previously, and then normalized to allow comparison of transactivation on different reporters. Error bars: s.d. Statistical significance in Student t-tests: *Po0.05, **Po0.01 and ***Po0.001.
unbiased whole-transcriptome sequencing approach, 9 only one fact linking FOXL2 and OGCTs had been reported, that is, its reduced expression in juvenile-type samples. 29 With hindsight, however, this connection between FOXL2 and malignant transformation makes sense. 18 Thus far, only a few unconnected clues as to how the p.Cys134Trp FOXL2 mutation might be linked to malignant transformation of GCs have been uncovered. These include its inefficiency at inducing GC apoptosis, 17 a potential hyperactivity on the ovarian-specific aromatase promoter, 19 a potentially disturbed functional interaction with SMAD3, 5 and a hypomorphy on cell-cycle-related targets. 15 Here, we used a whole transcriptome approach to identify molecular characteristics of the pathology, through the analysis of 10 OGCT samples exhibiting different clinical and histopathological characteristics, but all positive for the p.Cys134Trp mutation. 6 We also analyzed comprehensively the mRNA expression profiles by i) comparing them to the best available control, that is, GC derived from healthy patients undergoing IVF protocols, as well as ii) using our prior knowledge on direct FOXL2 targets in GCs. 15 Finally, the present analysis allows us to draw several conclusions on the molecular features of adult OGCT. First, the analyzed OGCT samples exhibit typical hallmarks of cancerfavoring cell cycling activity, but decreased sensitivity to cell death. Second, consistently with the preeminence of FOXL2 downregulation or mutation in OGCTs, we observe that differentially expressed genes are especially enriched for FOXL2 direct target genes, in a way that is predicted to promote malignant transformation (that is, reactivation of genes associated with cell cycling, downregulation genes associated with cell death, and so on). Third, current results support the hypothesis that the p.Cys134Trp FOXL2 mutation causes a partial loss-of-function, which is the hallmark of a tumor suppressor. Indeed, the mutant FOXL2 protein acts in an hypomorphic manner on key FOXL2 target genes and/or regulated processes. 15, 17 This is consistent with what we observe here in OGCT samples, that is, that normally activated targets are mostly downregulated, and, reciprocally, inhibited targets are reactivated. This tendency should not emerge if this mutation corresponded to a plain gain-of-function.
Altogether, the forkhead transcription factor FOXL2 has a central role in OGCT pathogenesis, whether through the p.Cys134Trp mutation in adult cases or through its downregulation in juvenile cases. Unraveling the molecular characteristics of OGCTs, and how the mutation interferes with the normal GC homeostasis and causes malignant transformation, will hopefully open the way to develop targeted therapeutic strategies for the OGCT patients.
MATERIALS AND METHODS

Adult ovarian granulosa cell tumor sample selection
We obtained tumor samples from patients treated and operated at the Helsinki University Central Hospital (Helsinki, Finland), as well as two ethnically matched primary GC samples derived from IVF programs. Following OGCT diagnosis, tumor tissue was processed as previously. 33 The p.Cys134Trp mutation status of FOXL2 was analyzed as described. 6 The ethical committee of Helsinki University Central Hospital and the National Supervisory Authority for Welfare and Health in Finland approved the OGCT study as a whole. Informed consent from all patients enrolled in the study was obtained.
RNA extraction, cDNA synthesis and microarray analysis 350 ng total RNA extracted from tissue samples was reverse-transcribed and linearly amplified using the Whole Transcriptome Amplification Transplex kit (Sigma-Aldrich, St Louis, MO, USA), according to the manufacturer's instructions. The amplified cDNAs from the 12 samples (2 primary GC controls and 10 tumor samples) were sent to the Nimblegen expression platform (Roche NimbleGen, Reykjavík, Iceland) in technical duplicates (independent reverse transcriptions, amplifications and hybridization per RNA sample). The design of the array that was used is the high-density Human Expression 12 Â 135K array set, that allows the study of 12 samples in parallel, interrogating over 45K annotated transcripts of HG18 assembly. Nimblegen performed sample labeling, hybridization and fluorescence acquisition, and then provided us with normalized data files. Raw files were deposited at the Array Express repository, under accession number E-MTAB-483.
Transcriptome data processing and statistical analyses Raw data from mouse FSH-treated GCs (accession GSE20466) 21 and the juvenile OGCT models (GSE8156) 30 were downloaded from the GEO Datasets repository, and RMA normalization was applied to the samples. Significance analysis of microarray 22 was performed on the FSH-treatment dataset using its implementation in the R software (http://www. r-project.org/) through the siggenes package. Significantly regulated genes were found by adjusting delta values to reach the 5% false discovery rate threshold.
Data processing from the human OGCT transcriptome was performed in the R software, using packages preProcessCore and recently published batch-correction algorithm ComBat. 20 Briefly, transcriptomes having passed Nimblegen quality control in batch 1 and batch 2 of hybridizations were imported into R, probe fluorescence values were averaged per gene, transformed into log2 space, subjected to quantile normalization and batch effects adjustment, as recommended for this type of studies. 34 FSH-responsive genes were then identified and eliminated from further analyses.
To estimate the homogeneity of tumors and reliability of replicates, sample clustering were performed using the Pvclust algorithm, 23 using its R package implementation. Parameters chosen for the clustering step were the Pearson correlation coefficient as a similarity measure, and the use of complete linkage hierarchical clustering. To estimate robustness and P-values, experiments were conducted with 10, 000 bootstrap replications of the clustering step.
Gene clustering was performed using the stand-alone java version of the Cluster 3.0 libraries. Before clustering, data was log-transformed when necessary and centered to mean. K-means clustering was then performed using Spearman rank correlation as distance measure, a K of 3 and 500 tries.
Statistics and functional annotation of gene lists
Statistical tests to assess the significance of overlaps and differences were performed using basic packages of the R statistical software. Functional annotation of gene lists were performed by converting gene identifiers to their 'Entrez gene ID' identifier using the BioMart portal (www.biomart. org/), then using the DAVID functional annotation software. 25, 26 For each list, we analyzed the enrichments computed by DAVID for Gene Ontology Biological Process terms. On ranked genes lists, we used the GOrilla algorithm (http://cbl-gorilla.cs.technion.ac.il) to compute enrichment analyses in top differentially expressed genes. 31 Analysis for FOXL2 ChIP peak enrichments among OGCT differentially expressed genes was operated using the published peak files (E-MTAB-399 and E-MTAB-400 datasets), that were remapped to current assemblies hg19 and mm9 using the UCSC liftOver tool. Peaks were annotated to closest genes using scripts from the Homer suite. 35 Overlaps from lists were computed using an in-house Perl script.
Cell culture, transfections and luciferase assays
The human WT and C134W mutant FOXL2-GFP expression vectors were described previously. 36 The luciferase reporter plasmids pSODluc-3340 and GADD45A-luc used in this study were described previously. 37, 38 COV434 GCs 39 were grown in DMEM-F12, supplemented with 10% FBS and 1% penicillin/streptomycin (Life technologies, Grand Island, NY, USA). HeLa cells were grown in supplemented DMEM. COV434 and HeLa cells were plated 12 h before transfection, and transfected using the calcium phosphate method. 40 Relative luciferase units correspond to the ratio of Firefly over Renilla luciferase activity from at least six independent replicates.
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